In previous studies, the herpes simplex virus type 1 (HSV-1) mutant, in1814, which lacks the transinducing function of Vmw65, did not replicate in the trigeminal ganglia of mice following corneal inoculation but did establish a reactivatable latent infection in the ganglia 12 to 24 h after ocular infection. Since in1814 did not replicate in vivo, the molecular events during the establishment phase of latent HSV-1 infection could be characterized without the complications of concurrent productive viral infection. In comparison to parental HSV-1 strain 17 ÷, the expression of viral immediate early (IE), early and late genes and the levels of viral DNA in the trigeminal ganglia of mice following in1814 infection were greatly reduced.
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Introduction
Following corneal inoculation of mice, herpes simplex virus type 1 (HSV-1) replicates in the eye, enters nerve endings, travels to the trigeminal ganglia (and to the central nervous system) and replicates in neuronal cells (reviewed in Fraser et al., 1986; Baichwal & Sugden, 1988; Stevens et al., 1989) . After the acute infection, latent viral DNA is detectable in ganglia (Rock & Fraser, 1983 , 1985 , but HSV-1 transcription is limited to the latency-associated transcripts (LATs) (Deatly et al., 1987; Rock et al., 1987; Spivack & Fraser, 1987 Stevens et al., 1987) . This latent non-replicative state in mouse nervous tissue corresponds to latent HSV-1 infection of humans (Efstathiou et al., 1986; Croen et al., 1987; Steiner et al., 1988; Stevens et al., 1988) , except that spontaneous reactivation is much less frequent in mice. Latency can be divided into several stages: establishment, maintenance and reactivation (Hill, 1985; Roizman & Sears, 1987) . Although latent HSV-1 infection has been studied extensively, the establishment stage of latent infection in ganglia has been difficult to characterize because for approximately 7 days it is overshadowed by the simultaneous events of acute viral replication .
Replication of HSV-1 in tissue culture cells is characterized by a co-ordinated and temporally regulated cascade of gene expression (Roizman & Sears, 1987) . The replicative process begins when a component of the HSV-1 virion, Vmw65 (trans-inducing factor, 0c-TIF), through interactions with Oct-1 and other uncharacterized cellular transcription factors (reviewed in Goding & O'Hare, 1989) , induces the transcription of five immediate early (IE) genes (infected cell polypeptides: ICP0, ICP4, ICP22, ICP27 and ICP47). These in turn activate the early (E) genes (Batterson & Roizman, 1983; Campbell et al., 1984; Preston et al., 1984) . Finally, with the onset of DNA replication the late (L) genes are fully expressed.
An HSV-I mutant, in1814 (derived from HSV-I strain 17+), which contains a 12 bp insertion in the coding region of Vmw65 (Ace et al., 1989) , does not trans-induce IE gene expression but does produce a Vmw65 protein that is incorporated into mature virions in cell culture. During in1814 replication in BHK cells, ICP0 and ICP27 expression is significantly reduced, ICP22 expression is slightly reduced and ICP4 expression is normal (Ace et al., 1989) . We recently reported that in1814, in contrast to strain 17 +, did not replicate in the trigeminal ganglia of mice following corneal inoculation (Steiner et al., 1990) . However, in1814 established latency as soon as the virus reached the trigeminal ganglia, i.e. 12 to 24 h after ocular scarification, and reactivated from explanted trigeminal ganglia with a frequency and time course similar to that of HSV-1 strain 17 +. Thus, the trans-activating function of Vmw65 was not required for the establishment, maintenance or reactivation of HSV-1 latency (Steiner et al., 1990) . As also demonstrated with thymidine kinase (tk) mutants Tenser et al., 1989) , these results indicate that HSV-1 replication in ganglia is not required for the establishment of latency.
In the present work we have characterized the molecular events during the establishment of latent HSV-1 infection using in 1814. Transcriptional activity of representative IE, E and L genes and the production of LAT RNA were followed during the course of infection in mice trigeminal ganglia following corneal inoculation. Functionally active Vmw65 stimulates highly efficient expression of viral IE, E and L genes in vivo whereas, in its absence, these genes are expressed only at low efficiency. However, compromised IE gene expression, and viral DNA synthesis, do not prevent the establishment of latency or expression of the LATs.
Methods
Virus stocks. To produce virus stocks, subconfluent monolayers of baby hamster kidney 21 clone 13 (BHK) cells were infected with HSV-1 strain 17 + (Brown et al., 1973) or insertion mutant in1814 (Ace et al., 1989) . The viruses were titrated on BHK cells and virus particle concentrations were determined with latex bead standards. The viral stocks used were HSV-1 strain 17 + (5 × 108 p.f,u./ml; (3-1 × 109 particles/ml) and in1814 (1.3 × 107 p.f.u./ml; 1.2 × 10 ~ particles/ml). A tk-HSV-1 mutant (dlsptk; 3.2 × 108 p.f.u./ml) with a 360 bp deletion in the middle third of the tk coding sequences was obtained from Dr D. M. Coen, Harvard University Cambridge, Mass., U.S.A. .
Infection of mice.
Female BALB/c BYJ mice (4 to 6 weeks old) (Jackson Laboratories) were infected with approximately 105 p.f.u./eye of 17 + or in1814 following corneal scarification (Steiner et al., 1990) . Starting at 1 day post-infection (p.i.), mice were killed by cervical dislocation and the trigeminal ganglia were removed aseptically and processed for in situ hybridization and RNA or DNA isolation.
Extraction and quantification of viral DNA from trigeminal ganglia. DNA was extracted as described previously (Rock & Fraser, 1983) . DNA (5gg) from each sample (three pairs of trigeminal ganglia) was spot blotted onto nitrocellulose filters with a manifold apparatus (Schleicher & Schuell) as previously described (Kafatos et al., 1979; Mellerick & Fraser, 1987) . The nitrocellulose filters were baked for 2 h at 80 °C, hybridized with a nick-translated 32p-labelled HSV-1 (F) virion DNA probe, washed and processed for autoradiography as described (Deshmane & Fraser, 1989) . The radioactivity of the samples was determined by liquid scintillation counting with Econofluor. Quantification of HSV-1 genomes/ceU was by comparison with HSV-I standards as described .
RNA extraction, agarose gel electrophoresis, Northern (RNA) blot transfer, hybridization and washing of Northern blots. Five pairs of trigeminal ganglia from animals harvested at the indicated times after infection with 17 + or in1814 were processed as described (Spivack & Fraser, 1987) . The filters were hybridized with a 32p-labelled, nicktranslated PstI-MluI viral DNA probe as described.
In situ hybridization. The in situ hybridization protocol has been described (Deatly et al., 1987) . Six sections were mounted on each slide; one each from the left and right trigeminal ganglia of three mice infected with either 17 + or in1814 killed on each day p.i. For each strain and each time point at least two slides (12 sections) were examined from two infections. The number of positive cells in each section was counted and the geometric mean value for the given time point was calculated.
Probes for in situ hybridization. Plasmid pBR322 containing EcoRIBamHI fragment I/I (KOS) was obtained from Drs E. K. Wagner and R. J. Frink, University of California, Irvine, U.S.A. (Frink et al., 1981) . Plasmid LE578 (BamHI Q), obtained from Dr L. Enquist, DuPont, contains a 3.4 kb BamHI fragment of the Patton strain of HSV-1 encoding the tk gene (Enquist et al., 1979) . Plasmid pRB113 (BamHI Y) and plasmid pRB112 (BamHI B) were obtained from Dr B. Roizman, University of Chicago, II1., U.S.A. (Post et al., 1980) . DNA for probes PstI-MluI, BamHI HpaI, KpnI-BamHl and SphI-Sphl were isolated from the BamHI B fragment. Refer to Fig. 1 for the HSV-1 genome location of probes used. DNA inserts were gel-purified and nick-translated as described (Deatly et al., 1987) . The specific activities of the nick-translated 35S-labelled probes were 10 s to 2 x l0 s c.p.m./gg.
Results

Detection and quantification of HSV-1 DNA in trigeminal ganglia of infected mice.
DNA extracted from ganglia of mice infected after ocular scarification with HSV-1 strains 17 ÷, in1814 and dlsptk was quantified by spot blot hybridization using a total virion HSV-1 DNA probe. The tk-mutant dlsptk served as a control for viral DNA levels in trigeminal ganglia in the absence of viral replication . At 2 days p.i. DNA levels of in1814-, 17 +-and dlsptk-infected mice were near background (Fig. 2) . As a result of viral replication in 17+-infected mice (Steiner et al., 1990) , DNA levels increased on days 3 and 4 p.i. The levels of HSV-1 DNA per trigeminal ganglion (5 ~tg) were 185 pg and 165 pg in 17+-infected mice on days 3 and 4 p.i., respectively. These values correspond to 0.37 and 0.33 copies of HSV-1 genome/cell (Fig. 2) . In contrast, levels of HSV-specific DNA in inl814-infected mice on day 3 p.i. were at least threefold less than those in HSV-1 strain 17+-infected mice (0.1 copies/cell). The level of in1814 DNA decreased to the background level on day 4 p.i. whereas the level of 17 + DNA remained similar to that detected on day 3 p.i. By the 7th day p.i., the HSV-1 DNA levels in HSV-1 strain 17+-infected mice were comparable to that observed during latency at day 28 p.i. As expected, HSV-1 DNA levels in ganglia from mice infected with the replication-incompetent strain dlsptk, were near background levels throughout the course of infection. At day 28 p.i. (latent phase) the HSV-1 DNA levels in in1814-and dlsptk-infected mice were near the background level (0.01 copies/cell) whereas in HSV-1 strain 17÷-infected mice these levels were above background (0-08 copies/cell). The copy number of 0-08 genomes per cell is comparable to published estimates of 0-11 + 0.08 genome equivalent/ cell (Efstathiou et al., 1986; Rock & Fraser, 1983; . Thus, except for a very small increase in viral DNA on day 3 p.i., in1814 and dlsptk DNA levels in infected mice were comparable. From • these results we conclude that the acute replication cycle of in1814 is severely impaired. This is consistent with the observation that infectious virus was not produced in the trigeminal ganglia of mice during acute infection (Steiner et al., 1990) .
Detection of the LA Ts in trigeminal ganglia during the acute phase of infection by Northern blot analysis
On Northern blots the only viral RNAs detectable in latently infected ganglia are the LATs (Rock et al., 1987; Spivack & Fraser, 1987; Stevens et al., 1987) approximate sizes of 2.0, 1.5 and 1.45 kb (Spivack & Fraser, 1987) . The LATs are transcribed from the DNA strand opposite that encoding ICP0 (Fig. 1) . In this study, the 2.0 kb LAT was first detected in the ganglia of mice 3 days after ocular scarification with either 17 + or in1814; expression of the smaller LATs was detected at day 7 p.i. The LATs accumulated with time (Spivack & Fraser, 1987) and were slightly more abundant in ganglia of mice infected with 17 + (Fig. 3) . The probe used to detect the LATs hybridized faintly to ICP0 RNA only in 17+-infected mice.
Analysis of HSV-1 transcription in acutely and latently infected trigeminal ganglia of mice by in situ hybridization
To compare viral gene expression o f 17 + and in1814 infections in the mouse ganglia, in situ h y b r i d i z a t i o n s were performed on sections of trigeminal ganglia from 1 to 28 days p.i. with probes specific for the L A T gene and representative IE, E and L genes. To study the activity of IE genes ICP4, ICP27 and ICP0, the BamHI Y, the BamHI-HpaI and the KpnI-BamHI probes, respectively, were used (Fig. 1) . The transcriptional patterns o f I C P 4 and ICP27 were similar (Fig. 4 a and b) . In ganglia infected with 17 +, these R N A s were first detected on day 3 p.i. in a few cells, in more cells on day 4 p.i. ( a p p r o x i m a t e l y five cells/section) and again in a few cells on day 7 p.i. Morphologically, the positive cells were neurons (Cook et al., 1974 ; M c L e n n a n & D a r b y , 1980; Deatly et al., 1987; Baichwal & Sugden, 1988) accumulation of grains was strongest on day 4 p.i. (see Fig. 5a ). In sections from ganglia harvested at other times p.i., positive cells were not detected. ICP4 and ICP27 transcription in inl814-infected ganglia was limited to a small number of neurons on days 3 and 4 p.i.
(less than 0.4 positive cells/section). The accumulation of grains over the positive cells in inl814-infected ganglia (Fig. 5 b) was weaker than that observed in 17+-infected ganglia. These data are summarized in Table 1 . By in situ hybridization, the transcriptionally active sequences in latently infected ganglia map to a region that starts about 1.8 kb left of the 3' end of the ICP0 gene and ends in the ICP4 coding sequence (Deafly et al., 1988; Mitchell et al., 1990) . Thus, the KpnI-BamHI probe used to detect ICP0 RNA is not monospecific and also hybridizes to the minor LAT RNA transcribed during latency ( Fig. 1 ; Mitchell et al., 1990) . The mean number of positive neurons detected using the KpnIBamHI probe per section at each time p.i. (Fig. 4c) was similar to the number detected using the BamHI Y and BamHI-HpaI probes up to day 4 p.i. At day 4 p.i., ganglia infected with 17 ÷ reveal a sharp peak (approximately 11 positive cells/section) that is paralleled by a much smaller peak (approximately 0.4 positive cells/section) in the inl814-infected ganglia. However, at later times the hybridization pattern for probe KpnI-BamHI differed from other IE probes in that the number of positive ganglia steadily increased after day 7 p.i. in both the 17 ÷-and the inl814-infected samples. This increase probably represents hybridization to the minor LAT RNA, whereas the results from days 2 to 7 p.i. may be due to hybridization to both ICP0 and LAT RNA.
The hybridization patterns of the Bam-HI Q (tk, an E gene) and the EcoRI-BamHI (glycoprotein C, an L gene) probes were similar to those of the BamHI Y (ICP4) and BamHI-HpaI (ICP27) IE gene probes (Fig. 4d, e) . In ganglia infected with 17 + the greatest number of positive neurons, and also the strongest hybridization, was found at day 4 p.i. (between two and eight positive cells/section, Fig. 5 c, e) ; positive cells were not detected before day 3 p.i. or after day 7 p.i. In ganglia infected with in1814 fewer cells were found to be positive with the gC probe (approximately 0-8 positive cells/section) in ganglia harvested on days 3 and 4 p.i. and the hybridization was considerably weaker than that seen in 17+-infected ganglia (Fig. 5f ). The tk probe did not hybridize to tissues of inl 814-infected ganglia harvested at any time point (Fig. 5d) .
To detect the LAT transcript in ganglia the SphI-SphI probe was used (Fig. 1) . Cells positive with this probe were first seen in ganglia harvested on day 2 p.i. (Fig. 4f) for strain 17 ÷ and in1814 (Fig. 5g, h ). From this time onward, the number of positive cells and the average strength of hybridization over individual cells in the inl814-infected ganglia showed a slow, steady, almost linear increase (Fig. 4f, 5j) . The increase in the number of positive cells probably reflects increasing LAT RNA levels resulting in more latently infected neurons reaching the level of detectability rather than a spread of infection to uninfected neurons. In ganglia infected with 17 ÷ the number of positive cells was similar to that in inl814-infected ganglia on days 2 and 3 p.i. and was about twofold greater on days 7, 14 and 28 p.i. On day 4 p.i., the incidence of LAT-positive cells was higher than on day 7. The rate of increase of the number of LATpositive cells in HSV-1 strain 17+-infected ganglia was similar to that of the in1814-infected cells up to day 3 p.i. ; thereafter the increase was steeper between days 7 and 28 p.i. The accumulation of grains over LAT-positive neurons was more extensive over time and was similar in strength to that seen in inl814-infected ganglia at every time point studied (Fig. 5 i) .
Discussion
In the presence of a functional virion trans-inducing function (Vmw65), HSV-1 replicates in the eye (the site of infection) and in the trigeminal ganglia, where latent infection is established. The lack of a functional Vmw65 protein in HSV-1 in1814 results in the absence of viral replication in the ganglia (Steiner et al., 1990) . The data presented here show that transcription and DNA replication of in1814 in the trigeminal ganglia is severely limited; however, the expression of the LATs, a prominent feature of HSV-1 latency, occurs in a wildtype fashion.
The lack of a functional Vmw65 trans-inducing factor did not result in an absolute block to viral gene expression in the peripheral nervous system because on days 3 and 4 p.i. a few cells in inl814-infected ganglia contained ICP4, ICP27 and glycoprotein C mRNAs, and on day 3 p.i. slightly increased amounts of in1814 DNA (Fig. 4) . The low level of HSV-1 gene expression might be due to one or more of the following reasons. (i) A basal level of transcription from the IE genes; (ii) the effect of ICP4, which has also been shown to be present in the tegument of HSV-1 virions (Yao & Courtney, 1989) ; (iii) cellular transcription factors capable of transactivating viral IE genes in the absence of Vmw65; (iv) some residual trans-activation by the mutant Vmw65 in in1814 (Ace et al., 1989) . Although no infectious virus could be detected, it cannot be excluded that a few infectious in 1814 particles below the level of detection by plaque assay were produced in the ganglionic neurons.
Viral replication in neurons may be blocked at the level of viral IE gene expression due to the lack of sufficient Vmw65 trans-activation to overcome a nonpermissive transcriptional state within neuronal cells. However, IE expression in the absence of functional Vmw65 may be sufficient for HSV-1 replication in a few cells, especially at the high particle numbers used in order to ensure maximal RNA levels for detection. It is possible that the multiplicity of in1814 infection in vivo affects the outcome of infection as it does in vitro (Ace et al., 1989) and it is clear from our previous work that in an infection with equal numbers of particles, in1814 is less efficient at establishing latency than 17 ÷ (Steiner et al., 1990) . If infections were done with equal particle numbers instead of equal p.f.u., then the amount of infectious in1814 would be 1000-fold less and, perhaps, IE expression would have been undetectable. It is possible that the cells which express IE genes and glycoprotein C mRNA have received a greater number of in1814 particles than other latently infected cells which did not express IE genes. Alternatively, subpopulations of neurons may differ in their ability to support HSV-1 gene expression.
The fate of those few cells in which the in1814 replication cycle progressed is unclear, but it is possible that a latent infection may be established in those cells. By analysing HSV-1 tk-variants having the/3-galactosidase gene under the control of IE or E promoters, it has been demonstrated that even though tk-variants do not replicate in trigeminal ganglia IE and E genes are expressed (Ho & Mocarski, 1988) . The block in HSV-1 replication in resident peritoneal macrophages of B6C3F1 mice can occur at several levels, ranging from very early events (viral entry, uncoating or the earliest transcriptional events) to delayed early viral gene expression (Morahan et al., 1989) . Thus, the possibility that some advanced steps of viral replication may occur in some neurons in which latency is established cannot be excluded.
Since HSV-1 in1814 can be explant-reactivated at 12 to 24 h p.i., latency has already been established by that time (Steiner et al., 1990) . Because 3 days p.i. was the earliest time at which in1814 IE gene expression could be detected by in situ hybridization (Fig. 4 and 5) , these data suggest that IE gene expression is not a prerequisite for the establishment of latent infection. Similarly, in inl814-infected ganglia an increase in the amount of DNA could not be detected until day 3 p.i. so viral DNA synthesis is also not required for the establishment of latent infection (Fig. 2) .
The role of HSV-1 IE genes in the pathogenesis of productive and latent infections has been studied by several groups using HSV-I IE gene mutants. ICP0 (Stow & Stow, 1986) , ICP22 (Sears et al., 1985) and ICP47 (Longnecker & Roizman, 1986; MavromaraNazos & Roizman, 1986) are not strictly required for viral replication or latency (Sears et al., 1985; Clements & Stow, 1989; Leib et al., 1989) . Null mutants with lesions in genes ICP4 and ICP27 do not replicate in the Establishment phase of HSV-1 latency 647 eye or in the ganglia and fail to establish reactivatable latent infections . However, since both ICP4 and ICP27 are essential for viral replication, and probably for replication following reactivation, it is possible that input virus leads to latent viral DNA below the level of detection. Thus, these findings may not contradict our hypothesis that IE gene expression is not essential for the establishment of latency and point to the usefulness of in1814, which behaves like an IE mutant during the establishment phase of latency but is reactivation-competent. In contrast to the dramatic difference in HSV-I IE expression in vivo following in1814 and 17 + infection, LAT expression was similar in both infections (Fig. 3) . By in situ hybridization, from day 4 onward twofold more LAT-positive cells were consistently found in 17 +-infected ganglia at every time point. This difference could be due to several factors. (i) Acute replication in the eye might supply more viral particles to the ganglia in 17 + than in inl814-infected animals; (ii) in some 17 +-infected neurons in which IE gene expression and viral DNA synthesis occurred, an increased number of viral genomes might express more LAT RNA and contribute more LAT-positive cells in 17+-infected ganglia; (iii) replication of 17 ÷ may occur in ganglionic neuronal cells with subsequent spread to other neuronal cells in which latency is established. Although it is presently unclear whether one or more of these factors lead to the detection of more LAT-positive neurons in the 17+-infected ganglia, our data clearly indicate that neither a high level of IE gene expression nor a high level of viral DNA synthesis is required in ganglia for the efficient expression of LATs.
In conclusion, our results suggest that the pathways leading to productive and latent infections in neurons may diverge at very early stages of the interaction of HSV-1 and the host, and that the level of viral IE gene expression has a key role in determining the outcome of the infection.
